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INTRODUCTION
Antibodies against the LGI1 protein of the voltage-gated potassium channel (VGKC) complex result in subacute limbic encephalitis (LE) [1] . While patients with early immunotherapy may have a good prognosis [2, 3] , cognitive deficit develop in most [4, 5] . Structural magnetic resonance imaging (MRI) showed extratemporal T2 hyperintensities in the early phase with faciobrachial (dys)tonic seizures (FBDS) and reduced volume of the whole brain one year after FBDS [6] [7] [8] [9] [10] . Glucose metabolism is also abnormal in areas outside of the limbic structures [8, [11] [12] [13] . Although these data point to global structural and metabolic alterations, no study examined metabolic changes several years after LGI1 encephalitis. Only a single very recent study used follow-up MRI to examine chronic global and regional brain changes and its correlation with memory [14] . The correlation between prospectively obtained MRI/clinical outcomes and clinical/neuroimaging characteristics in the acute phase is not known either.
Therefore, here we examined (i) MRI alterations in the acute stage of LGI1 encephalitis; (ii) evaluated MRI outcomes 33.1±18 months after disease onset by prospectively planned multimodal MRI; and (iii) correlated MRI outcomes with functional outcomes during the early and later stages of the disease.
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MATERIAL AND METHODS

Participants
Nine patients (4 females, age at onset 59.9±14.5), diagnosed with LGI1 LE participated in this study ( Table 1) . The patients were retrospectively identified in our clinical databases over 53 months (Februar 2009 to July 2013).
LGI1-antibodies were present in the serum, and with one exception in the cerebrospinal fluid (CSF) (IIFT Autoimmune Mosaic 1, Euroimmun, Lübeck, Germany). Three patients were treated in Hungary and six patients were treated in Denmark.
Nine Hungarian age-and sex-matched healthy volunteers (mean age: 62.00±13.4 years) were included, matching criterion of age was ± 3 years. Clinical information was retrospectively obtained from medical reports and from interviews with the individual patient's neurologist.
Mini-Mental State Examination (MMSE) and modified Rankin scale (mRS) were regularly controlled. We performed correlation analysis with MMSE and mRS (i) at the onset; (ii) when the lowest (most severe) values were detected 2.4±1.5 months after onset (nadir); and (iii) 23 .4±7.6 months after the onset as follow-up. Addenbrooke's Cognitive Examination test (ACE) was employed 23.4±7.6 months after onset of LGI1 LE [15] . Mental recovery score was calculated as the difference between the lowest MMSE score and the MMSE score at 23.4±7.6 months, and functional recovery score as the difference between the lowest mRS score and the mRS at 23.4±7.6 months. The study procedures were approved in Hungary and Denmark by the national ethics committees (082403/2015/OTIG and S-20140018). Written informed consents were obtained.
Magnetic resonance imaging
The initial MRI examinations were performed as part of the diagnostic procedures within one month after first occurence of the symptoms, and included axial-and coronal T 2 -weighted Turbo Spin Echo (TSE), axial-and coronal Fluid-Attenuated Inversion Recovery (FLAIR), sagittal T 1 -weighted TSE, three-dimensional T 1 -weighted Magnetization Prepared Rapid Gradient Echo (MPRAGE) and single-shot diffusion weighted spin-echo echo planar imaging.
A prospective multi-modal MRI investigation was performed 33.1±18 months after the disease onset at two neuroimaging sites applying identical scanning protocols. Danish patients were scanned using a Siemens Magnetom® Verio™ 3T MR scanner and a 32-channel head coil 
Data processing
Visual evaluation of acute phase and follow-up MRI
The structural MR images acquired in the subacute stage and at follow-up were compared with respect to edema and T2/FLAIR hyperintensity of the hippocampus. Evaluation of hippocampal sclerosis (increased T2 signal, reduced volume and/or abnormal morphology) was done on coronal plane images at the level of the hippocampus (or axial plane if coronal images were absent) [16] .
Volumetric analysis of the T1-weighted MRI data
The partial volume corrected output volumes of caudate nucleus, putamen, pallidum, brain stem, hippocampus, amygdala, accumbens region, corpus callosum, cerebellar gray and white matter, as well as total cortical white matter and total segmented brain were calculated from automated volumetric analysis and were fed to further analyses [17, 18] . Details of volumetric analysis method are described in the Supplementary Materials and Methods.
Diffusion tensor imaging and Tract-Based Spatial Statistics (TBSS)
Voxel-wise statistics were performed on the skeletonized data as described in the "Statistical analysis" section. For further analyses, mean skeletal FA and MD values were extracted form TBSS analysis pipeline and binary masks were generated for FA and MD from the voxels where
FA or MD was significantly different between patients and controls [19] [20] [21] [22] . Evaluation details are described in Supplementary Materials and Methods.
MR Spectroscopy evaluation
The CSF corrected concentration of the following metabolites were calculated in all MRS voxels [23] [24] [25] : total N-acetylaspartate (tNAA), total choline (tCho), total creatine (tCr), myoinositole (Ins) and glutamine/glutamate (Glx). Detailed evaluation is described in Supplementary Materials and Methods.
Statistical analyses
For TBSS analysis, the voxelwise statistics were performed on the skeletonized data using a permutation-based non-parametric analysis [26] . Results were considered significant for p<0.05, corrected for multiple comparisons using threshold-free cluster enhancement [27] , and all 
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RESULTS
Clinical data
MRI findings in the acute stage
Diagnostic MRI scans were taken within one month after disease onset in eight patients (Table 2) . FLAIR images revealed unilateral (n=5) or bilateral (n=3) hyperintensities in the hippocampus in all eight patients. Seven of the eight patients showed unilateral (n=5) or bilateral (n=2) hyperintense signal changes in the hippocampus on T2-weighted images, whereas enhancing hippocampal lesions were only seen in one out of four patients on contrast-enhanced T1-weighted images.
Seven out of eight patients showed edema in the hippocampus as revealed by FLAIR and diffusion-weighted imaging (DWI) (bilateral n=2) ( Table 2) . Five patients displayed edema in the amygdala (bilateral n=2) and the temporal cortex was affected in two cases (unilateral; temporopolar and temporomesial).
None of the patients had extratemporal lesions.
Comparison of early and follow-up MRI findings
MRI data obtained in the subacute stage were compared with those prospectively acquired 33.1±18 months after disease onset ( Table 2) . The number of patients identified with edema in the hippocampus decreased from 7 to 3 patients: remained unchanged in two, and appeared in one patient. Additional edema of the temporal cortex and amygdala on the FLAIR and diffusionweighted scans was present on one case. In contrast, hippocampal T2 hyperintensity persisted in 6 patients (unilateral n=5, bilateral n=1) and FLAIR hyperintensity in seven cases (unilateral n=4, bilateral n=3). The extension of the T2/FLAIR hyperintensities decreased in one patient and remained constant in the other cases. The frequency of DWI/ADC alteration did not change (67%).
Eight of nine patients developed hippocampal sclerosis (unilateral=5, bilateral=3). All 8 patients diagnosed in the acute stage with seizures originating from the temporal lobe developed hippocampal sclerosis, although the site of epileptic focus and hippocampal sclerosis did not correlate. All patients were seizure free at time point of the follow up MRI.
Volumetric changes 33.1±18 months after disease onset
The mean volumes (±SD) of the segmented structures, based on the follow-up MRIs, are summarized in Supplementary Table 1 . The total segmented brain volume was significantly lower in patients. Patients had significantly smaller volume in several brain areas ( Table 3) .
Next, we correlated the segmented brain structure volumes with the clinical features (mRS, MMSE and ACE). For such correlation, we used (i) midline structures with significant group differences (brainstem, combined volume of the mid-posterior and central parts of the corpus callosum); (ii) the bilateral volumes of those structures where significant difference were shown between patients and controls for both sides (cerebral white matter, cerebellar gray matter); (iii) and the bilateral volumes of lateral ventricles (a general marker of global atrophy) along with putamen and caudate, i.e. areas that have been shown to be highly affected by the disease [7] [8] [9] [10] .
Lower mRS score (better function) at onset was associated with higher cerebellar grey matter volume (p=0.002 r=-0.932, passing FDR correction) (Figure 1 ). Higher ACE test score (better cognition) at 23.4±7.6 months was associated with higher putaminal volume (p=0.004 r=0.911, passing FDR correction) (Figure 1) . We observed additional trends related to mental and functional recovery (calculated as the difference between the lowest MMSE score and the MMSE score at 23.4±7.6 months, and the difference between the lowest mRS and the mRS at 23.4±7.6
Metabolic changes in the white and grey matter 33.1±18 months after disease onset
In the WM voxel, the CSF-corrected glutamine/glutamate concentrations were reduced in the patient group (p=0.019, t=-2.627 after correcting for multiple comparisons) (Figure 3 ). There The most characteristic alterations in the acute LE phase were edema and T2/FLAIR hyperintensity of the hippocampus typical of LE [11, 28, 29] . We did not find extratemporal lesions, i.e. basal ganglia hyperintensities in our patients including FBDS cases in contrast to earlier studies [9, 10, 14, 30, 31] . Nevertheless, we found that higher volume of the putamen was associated with better cognition measured by ACE test at 23.4±7.6 months indicating the affection of the basal ganglia also in our studies, and that basal ganglia atrophy may affect functional outcomes in patients with LGI1 encephalitis. A very recent study also found that a longer duration of FBDS correlated with reduction of pallidum volume [14] . FLAIR hyperintensity of the hippocampus in the subacute stage was always followed by hippocampus atrophy on the same side, while T2 hyperintensity did not show such association. Presence of edema despite of clinical remission and seizure free condition may indicate persistent inflammation, but earlier epilepsy could also contribute: all 8 patients with manifest epilepsy at onset developed hippocampal sclerosis despite of absent seizure activity on follow-up.
Follow-up volumetry showed a significant volume decrease in the total segmented brain volume, white matter, corpus callosum, hippocampus, n. accumbens, brainstem and cerebellum.
This may indicate that antibodies contribute to global tissue damage, or injury of the limbic structures induces secondary changes in other areas. The expression pattern of LGI1 with prominent staining in the hippocampus, the neocortex, thalamic nuclei and cerebellum corresponds to this observed atrophy, which may suggest a direct damage [32] .
FA analysis also indicated diffuse deterioration of cerebral and cerebellar white matter integrity. Despite the lack of extratemporal lesions on conventional MRI during the acute stage, the most significant changes were measured in the anterior corona radiata, the anterior half of the capsula interna and the anterior 1/3 of the corpus callosum. The affection of frontal areas have been described in individual cases with VGKC encephalitis, although some of these patients did not have LGI1-antibodies [33, 34] .
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We found lower glutamine/glutamate concentrations in the WM compared to controls. A trend of lower concentration was seen in the GM voxel, but significance was lost after correcting for multiple comparisons. Since decreased glutamine/glutamate ratios were similarly observed in patients with depression and mood disorders [35, 36] , this may suggest the need for increased vigilance for affective disturbances in patients following LGI1 encephalitis. Considering structural MRI data indicating global atrophy, we expected a significant tNAA difference between the LGI1 patients and control subjects. Although the mean tNAA was somewhat lower in LGI1 group in both gray-and white matter, the difference was not significant. Since the mean age of the patients was around 60 years, it is possible that decrease of tNAA due to aging masks loss of tNAA related to the pathological condition.
We also correlated MRI outcomes with clinical data at onset, when the lowest (most severe) values were detected 2.4±1.5 months after onset (nadir), and after 23.4±7.6 months. Better functional outcome (mRS) at onset was associated with higher volume of the cerebellar gray matter. Such correlation in LGI1 encephalitis has not been described, but visually assessed irreversible cerebellar atrophy was associated with poor outcome in a recent study of NMDARencephalitis [37] . Better cognitive capacities measured by the ACE test at 23.4±7.6 months were also associated with higher putaminal volumes. The putamen is actively involved in a variety of cognitive functions such as episodic memory, cognitive control and category learning [38] , and its inter-connection with frontal areas and hippocampus play an important role in cognition [39, 40] . Hyperintensities previously published in VGKC and LGI1 encephalitis/FBDS pointed to the affection of these structures, and a very recent study reported correlation between longer duration of FBDS and pallidum volume [9, 14, [28] [29] [30] . Although we found decreased hippocampal volumes compared to matched controls, hippocampal volumetry did not correlate with ACE and mRS outcomes. In a very recent study, larger verbal memory deficits correlated with decreased volumes of the left hippocampus and its microstructural integrity [14] .
In conclusion, our results indicate development of global brain atrophy in patients with LGI1
LE, despite of early immunotherapy. Besides alterations in the temporal limbic structures, we emphasize progressive alterations in the frontal lobe and the cerebellum. These changes may contribute to persistent cognitive dysfunction. Metabolic changes detected with MR spectroscopy indicate neuroinflammation and abnormal glutamine and glutamate levels. These results argue for the need of early, immediate treatment of LGI1 encephalitis. The benefit of patients treated as
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Our study is not without limitations. Only 9 patients and 9 control subjects were prospectively examined by multimodal MRI in two MR centers, and this may reduce the reliability of the applied statistical methods. The number of subjects per variable required for linear regression analyses is always subject of intensive debate, rules of thumb are usually between 5-10 subjects per variable. Although a recent study showed that adjusted R can be considered reliable at as low as 2 subjects per variable in certain cases [43] , we tried to keep the numbers as low as possible (2 variables per 9 subjects or 3 variables per 18 subjects) for linear regression analyses. Since MRI in the acute stage of LE was acquired in different institutes using different protocols, the analyses of those sequences were limited. As the result of these limitations, further studies are required with larger cohorts to confirm our results and conclusions. 
FUNDING
SUPPLEMENTARY MATERIALS AND METHODS
Sequence parameters:
1.1 T 1 -weighted MPRAGE sequence with an isotropic resolution of 1 mm to obtain anatomical images for MR-based volumetry and registration purposes (TR/TI/TE=2530/1100/3.37ms; Flip angle=7°; receiver bandwidth=200Hz/pixel; 176 contiguous sagittal slices; matrix size=256x256). 3 . After automatic iterative shimming, manual shimming was performed to reduce the FWHM of the unsuppressed water signal as much as possible (inclusion criteria were <25Hz for GM and <20Hz for WM voxel). A fast reference water signal measurement was performed after each voxel with identical sequence properties and shim, except for no water suppression applied.
1.5 DTI images were acquired using a two-dimensional single-shot diffusion weighted spinecho Echo Planar Imaging sequence (TR/TE=10100/91ms; 70 axial slices; slice thickness=2mm; no gap; FOV=208x256mm2; matrix size=128x128; bandwidth=1562Hz/pixel; EPI factor=104). Diffusion gradients were applied in 30 directions with a b-value of 900 s/mm2 and a single volume was collected with no diffusion gradients applied.
Volumetric analysis of the T1-weigted MR data:
MPRAGE images, acquired according to the Freesurfer's Morphometry Protocols Guideline, were fed into volumetric segmentation performed with FreeSurfer v5.3. Details of the procedures are described in previous publications [17, 18] . Each dataset was checked within the processing stream to verify the Talairach transform, the accuracy of the skull strip, white matter-and pial surface segmentation, as described in the Recommended Reconstruction Workflow.
Diffusion tensor imaging and Tract-Based Spatial Statistics (TBSS) evaluation:
A
Diffusion-weighted images were corrected for eddy current distortion and head motion using affine registration to a reference volume (B0). After brain extraction of the diffusion data using BET [19] , FMRIB's diffusion toolbox was used to generate voxel-wise images of fractional anisotropy (FA) and mean diffusivity (MD) by fitting a diffusion tensor model to the data at each voxel of the brain [20] . Voxel-wise statistical analyses of FA and MD data were performed using TBSS v1.2 part of FMRIB's Software Library (FSL) [21] . First, all subjects' FA data were nonlinearly aligned to FMRIB58_FA standard space image using FNIRT [22] . Next, the mean FA image was thinned to generate a mean FA skeleton, which represents only the center of the white matter tracts common to all examined subjects. This mean skeleton was thresholded at FA>0.2.
MR spectroscopy evaluation:
Tissue type segmentation (GM, WM and CSF) of T1-weighted MPRAGE was performed using the FAST software implemented in FSL [23] . The binary masks of the MRS voxels were constructed in the native coordinate space of the MPRAGE image using Gannet software suite [24] . Average CSF content of the spectroscopy voxel was then calculated using the CSF image resulting from FAST and the binary mask of the voxel using fslstats.
Spectroscopy data was evaluated using Tarquin (v4.3.6) with the following parameters: Positive t value means larger structure volume in patients. Corrected for age and total 
